The effect of Pseudomonas aeruginosa infection on contact sensitivity to 2-phenyl-4-ethoximethylene-oxazolone (oxazolone) and on antibody response to sheep erythrocytes, horse erythrocytes, and Escherichia coli 01111B4 lipopolysaccharide was investigated in outbred C57BL/6 mice. Injection of 0.5 and 0.2 median lethal doses significantly depressed contact sensitivity to oxazolone, whereas injection of 0.5 median lethal dose of heat-killed microorganisms did not. The filtrate of a 24-h broth culture did not affect contact sensitivity as well. Antibody production against sheep erythrocytes, horse erythrocytes, and lipopolysaccharide (evaluated as plaque-forming cells and circulating hemagglutinin and hemolysin titers) was found to be significantly enhanced both in animals injected with living bacteria and in those which received heat-killed microorganisms. The simultaneous occurrence of depression of cell-mediated immunity and potentiation of humoral response suggests that P. aeruginosa might interfere at different levels of the host immunological responsiveness.
Pseudomonas aeruginosa has received considerable attention in recent years since it is isolated with increasing frequency in various pathologic conditions in man (1, 4, 12, 29) , and its broad range of antibiotic resistance makes infection very difficult to treat (2, 26) . Little is known, however, about the pathogenetic mechanism of infection. A trypsin-sensitive, heatlabile exotoxin, originally described by Liu (22) , has been shown to be lethal for mice (13, 22, 25) and toxic for dogs (8) . It has also been reported that the injection of purified slime (33) , rather than endotoxin (9, 12, 23, 24) , is toxic for mice, inducing leukopenia and death.
The prolonged survival of skin homografts in patients with extensive burns associated with Pseudomonas sepsis (35) has focused attention on the immunodepressive capacities of P. aeruginosa. It has been shown that bacterial fractions from P. aeruginosa depress the tuberculin reaction in guinea pigs and delay the rejection of skin homografts in mice (15) and in outbred rats (35) .
In this paper we report the effects of P.
aeruginosa infection on contact sensitivity to 2-phenyl-4-ethoximethylene-oxazolone (oxazolone), and on the antibody response to sheep erythrocytes, horse erythrocytes, and Escherichia coli 0111:B4 lipopolysaccharide (LPS) in mice. MATERIALS AND METHODS Mice. Outbred C57BL/6 mice of both sexes, raised in our Institute and aged 8 to 12 weeks, were used throughout. In each experiment the animals were randomly allocated to the different groups.
Microorganism. A strain of P. aeruginosa isolated from clinical specimens was used. A stock culture on Trypticase soy agar (BBL) was transferred to a synthetic medium (34) , and after five passages at 37 C for 24 h, the culture obtained was stored in small aliquots at -20 C and used as inoculum.
Infection of mice. For each experiment, the content of a vial was thawed and inoculated into 100 ml of synthetic medium; the culture was incubated at 37 C for 18 to 24 h without shaking or aeration. The bacterial cells were than collected (15, 000 x g, 15 min, 4 C), washed three times in sterile saline, and resuspended in and diluted with sterile saline to obtain an optical density of 0.62 to 420 nm in a Perkin-Elmer double-beam spectrophotometer. These suspensions contained approximately 23 x 101 microorgansims per ml, which corresponds to two median lethal doses (LD50). Mice were inoculated intraperitoneally with 0.5, 0.2, and 0.1 LD50 in 0.5 ml, or with the equivalent number of bacteria killed at 65 C for 1 h. LD50 in normal mice. Mice were inoculated intraperitoneally with 0.5 ml of serial 10-fold dilutions of bacterial suspensions. Eight mice were used for each dilution. The animals were observed for 1 week. LD50 was calculated by the method of Reed and Muench (30) . Aliquots (0.1 ml) of appropriate dilutions were used for count of living microorganisms. the skin of the abdomen. The challenge was performed 6 days after sensitization by applying a drop of 1% oxazolone in olive oil to both sides of the ears, and the quantification was made by measuring, with a micrometer, the increase in ear thickness 24 h later (1 unit = 10-3 cm), as previously described (10) 
RESULTS
Effect of P. aeruginosa infection on contact sensitivity. C57BL/6 mice were sensitized with 1% oxazolone 24 h after infection with different doses of P. aeruginosa. Groups of infected and uninfected unsensitized. mice served as negative controls, whereas a group of sensitized uninfected mice served as positive controls. Infection with 0.5 or 0.2 LD50 induced a marked depression of contact sensitivity; this effect was more prominent in mice infected with 0.5 LD50 than in those which received 0.2 LD50, even though the difference did not reach the level of significance. When 0.1 LD50 was used, no significant difference from controls was observed. A trend towards a dose-dependent effect, however, seems to exist.
The effect of heat-killed microorganisms on contact sensitivity to oxazolone was also investigated. In a group of 12 mice inoculated with 0.5 LD50 of heat-killed bacilli the response did not significantly differ from controls; therefore, lower doses were not tested (Table 1) .
In another experiment, nine mice were injected with 1 ml of filtrate from a 24-h broth culture of P. aeruginosa which had contained approximately 8 LD50ml; contact sensitivity was not significantly affected.
Since the depression of ear swelling caused by P. aeruginosa in sensitized animals might be due to aspecific effects on the inflammatory response, in normal mice and in mice infected 7 days earlier with 0.5 LD50 ear swelling was measured 2 h after the application of an irritant (origan oil) to the ears. The mean increases in ear thickness were 9.79 and 9.54 U, respectively. (Table  4) .
Effect of P. aeruginosa infection on spleen weight in normal mice. Three groups of normal mice, weighing 23 + 3 g, were inoculated with 0.5, 0.2, and 0.1 LD50, respectively, and the spleen weight was measured 7 days after infection. A positive linear relationship between the infective dose and the spleen weight was found (Fig. 1) .
DISCUSSION
This study provides evidence that in C57BL/6 mice the injection of P. aeruginosa depresses cell-mediated immunity, evaluated as contact sensitivity, and enhances the antibody response to sheep and horse erythrocytes and E. coli 0111:B4 LPS.
Significant depression of contact sensitivity was observed when living, but not killed, microorganisms were inoculated. This effect must therefore be consequent on the infectious process itself; in particular, some toxic factor might be released by the bacteria during in vivo replication. We did not observe any modifications of contact sensitivity in mice injected with a broth culture filtrate; however, the in vivo production of an exotoxin cannot be excluded on this basis alone, since it is known that P. aeruginosa synthesizes A heat-labile exotoxin in vitro under suitable culture conditions (13, 23) .
Since heat-killed microorganisms do not depress contact sensitivity, heat-stable factors, like slime and endotoxin, cannot be identified with the immunodepressive agent. In addition, we found that P. aeruginosa does not affect the inflammatory response, which plays a major role in the expression of contact sensitivity (5). In fact, both oxazolone and origan oil induce aspecific ear swelling of comparable magnitude in infected or uninfected unsensitized mice. P. aeruginosa must therefore exert its action by interfering with the afferent limb of the reaction. The possibility that antigenic competition (38) might be responsible for the observed immunodepression should be excluded, as other infectious agents have been shown to depress reactivity to oxazolone in the mouse (10) .
It cannot be ruled out that, as happens with certain bacterial products (41), P. aeruginosa might interfere with the normal circulation pattern of lymphocytes which mediate contact sensitivity by inhibiting their migration into sites of inflammation (painted ears) at the moment of challenge (7) .
The enhancement of antibody response to sheep and horse erythrocytes and E. coli 0111: B4 LPS, on the other hand, seems independent of infection, since it can be observed both in mice inoculated with living bacteria and in mice injected with heat-killed microorganisms. Therefore one can postulate that the potentiation is brought about by some thermostable constituent of P. aeruginosa, such as the endotoxin.
In fact, it is well known that antibody response to heterologous erythrocytes, which normally requires cooperation between B and T lymphocytes and/or macrophages (14, 37) , can be enhanced, in T-cell-depleted mice (20) and in adherent or T cell-deprived cultures (3, 42) In addition, endotoxin is known to exert a dose-dependent potentiating effect at low concentrations, whereas high concentrations are toxic for mice (36) .
In fact, we found that whereas 0.2 LD50 of heat-killed bacilli did not modify the response to sheep erythrocytes, the same number of living bacteria did potentiate antibody production; when 0.5 LD50 was used, heat-killed cells yielded a stronger enhancement than living bacteria. This is easily understood if it is considered that the amount of endotoxin present in the animal depends both on the number of injected cells and on the replication which occurs at least within the first few hours after infection (33) . This also accounts for the fact that the spleen weight was correlated with the infective dose over the range of doses treated, whereas it did not parallel the antibody production. Thus the B lymphocytes responsible for antibody production against heterologous erythrocytes may be selectively inhibited at infective dose levels when a still increasing inflammatory response is being mounted. This dissociation could be explained by considering that inflammation is the aspecific response to the infectious agent as a whole, whereas antibody production is the specific dose-related reaction to a single constituent of the microorganism-the endotoxin.
Lastly, contact sensitivity, like other delayed hypersensitivity reactions in vivo (31) , is not a pure cell-mediated phenomenon, since a low degree of sensitivity can be passively transferred with serum or with macrophages coated with serum (6, 7). In addition, circulating antibodies are capable of blocking cellular response against the same antigen, either directly or by activation of suppressor T cells (16, 40) . Therefore it could be speculated that P. aeruginosa might inhibit contact sensitivity by eliciting potentiated antibody response against oxazolone. But On the other hand, the evidence that bacterial organisms by themselves abate manifestations of cellular immunity is steadily accumulating. Impaired immune reactivity has been described in such diseases as clinical lepromatous leprosy (39) and in experimental malaria (32) . Furthermore, Salmonella paratyphi B and S. typhi suppress tuberculin reaction in guinea pigs (18) , but, unlike P. aeruginosa, they are not able to induce prolongation of homografts in H-2 incompatible donor-host combinations (15) . The observed simultaneous occurrence of depression of contact sensitivity and enhancement of humoral response by P. aeruginosa seems to be a remarkable phenomenon. ACKNOWLEDGMENT We are indebted to Alberta Vanni for her skilfull technical assistance and to Lucia Magnozzi for typing the manuscript.
